Liver X receptors (LXRα and LXRβ) are important regulators of cholesterol and lipid metabolism, and their activation has been shown to inhibit cardiovascular disease and reduce atherosclerosis in animal models. Small molecule agonists of LXR activity are therefore of great therapeutic interest. However, the finding that such agonists also promote hepatic lipogenesis has led to the idea that hepatic LXR activity is undesirable from a therapeutic perspective. To investigate whether this might be true, we performed gene targeting to selectively delete LXRα in hepatocytes. Liver-specific deletion of LXRα in mice substantially decreased reverse cholesterol transport, cholesterol catabolism, and cholesterol excretion, revealing the essential importance of hepatic LXRα for whole body cholesterol homeostasis. Additionally, in a pro-atherogenic background, liverspecific deletion of LXRα increased atherosclerosis, uncovering an important function for hepatic LXR activity in limiting cardiovascular disease. Nevertheless, synthetic LXR agonists still elicited anti-atherogenic activity in the absence of hepatic LXRα, indicating that the ability of agonists to reduce cardiovascular disease did not require an increase in cholesterol excretion. Furthermore, when non-atherogenic mice were treated with synthetic LXR agonists, liver-specific deletion of LXRα eliminated the detrimental effect of increased plasma triglycerides, while the beneficial effect of increased plasma HDL was unaltered. In sum, these observations suggest that therapeutic strategies that bypass the liver or limit the activation of hepatic LXRs should still be beneficial for the treatment of cardiovascular disease.
Introduction
The precise regulation of cholesterol metabolism is essential, and it is well known that elevated levels of cholesterol in the blood are a major cause of cardiovascular disease (1) . Studies using global genetic knockouts and synthetic agonists have defined important roles for the liver X receptors LXRα (NR1H3) and LXRβ (NR1H2) in the control of cholesterol metabolism (2) . LXRs are members of the nuclear hormone receptor superfamily of ligand-activated transcription factors, and treatment of animals with LXR agonists results in changes in gene expression promoting the efflux of cholesterol from peripheral cells such as macrophages, the excretion of cholesterol from the liver, and the inhibition of cholesterol absorption in the intestine (2) . Importantly, the endogenous ligands for LXRs are oxidized forms of cholesterol (oxysterols) (3, 4) that increase coordinately with intracellular cholesterol levels, thus allowing these receptors to function as sensors to maintain cholesterol at appropriate levels throughout the body.
At the molecular level, LXRs control cholesterol efflux by regulating expression of the genes encoding the ATP-binding cassette (ABC) transporters ABCA1 and ABCG1 (2) . Upregulation of ABCA1 and ABCG1 results in increased transfer of intracellular cholesterol to HDL particles, and genome-wide association studies have linked both transporters to HDL cholesterol levels in humans (5, 6) . Mutations in the human ABCA1 gene result in Tangier disease, and
Tangier patients characteristically present with little or no HDL and massive accumulation of cholesterol in macrophages found lodged in lymph tissue, and they exhibit an increased risk for atherosclerosis (7) (8) (9) . The accumulation of oxidized and other modified forms of cholesterol by macrophages present in blood vessel walls is a critical event in the pathogenesis of atherosclerosis (10) , and the ability of LXR agonists to enhance macrophage cholesterol efflux has stimulated great interest in the therapeutic potential of these compounds (11) . Activation of LXRs also regulates expression of ABCG5 and ABCG8, two half-transporters that dimerize to create an additional cholesterol transporter (12, 13) . Expression of ABCG5/ABCG8 is largely restricted to the liver and intestine (14) , where these proteins function to promote the excretion of cholesterol (liver) and limit cholesterol absorption (intestine). Thus, by mobilizing cholesterol from the periphery, promoting hepatic excretion, and limiting absorption, activation of LXRs results in a net loss of cholesterol. This process of trafficking cholesterol to HDL and ultimately out of the body has been termed reverse cholesterol transport (RCT) (8, 9) . Importantly, LXR agonists decrease atherosclerosis in animal models, and it has been suggested that enhanced RCT plays an important role in this activity (15) (16) (17) (18) .
In spite of many potential benefits in cholesterol metabolism, enthusiasm for the therapeutic value of LXR agonists has been tempered by the observation that LXR activation stimulates hepatic lipogenesis by increasing expression of SREBP-1c, a master transcriptional regulator of fatty acid and triglyceride synthesis (19, 20) . Along with Srebp1c, LXRs regulate either directly or indirectly the genes encoding a number of other proteins involved in fatty acid synthesis (21, 22) , and treatment with LXR agonists can result in dramatic increases in hepatic and plasma triglycerides (19, 20) . Additionally, at least one class of synthetic LXR ligands has been shown to elevate plasma LDL cholesterol levels in non-human primates (23) . Genetic studies have defined the LXRα subtype as the major regulator of hepatic lipogenesis in response to LXR agonists (15, 24) . The simple idea of creating LXRβ-specific ligands to bypass the undesirable effects on lipogenesis, however, has been challenging because the ligand-binding pockets of the two LXR subtypes differ by only a single amino acid (25, 26) . Studies in LDL receptor and Apoe-knockout mice have also demonstrated that it is the LXRα subtype that plays the dominant role in limiting diet-induced cardiovascular disease (15, 27) . These observations have led to the suggestion that LXR agonists that bypass the liver, or even function as antagonists in the liver, would have ideal therapeutic profiles (11, 28, 29) . To address the therapeutic potential of liver LXR activity, we used gene targeting technology to create a conditional LXR-knockout mouse line by selectively deleting LXRα in hepatocytes. Characterization of these animals demonstrated the essential, physiologic importance of hepatic LXRα to whole body cholesterol homeostasis while at the same time revealing the pharmacologic utility of bypassing hepatic LXR activity as a therapeutic strategy for treating cardiovascular disease.
Results
Generation of liver-specific LXRα-knockout mice. The floxed allele of LXRα was obtained by inserting two loxP sites flanking exons 4 and 5, which encode the DNA binding domain and hinge region of the LXRα ( Figure 1A ). Homologous recombination was screened by Southern blot analysis with the targeted allele yielding a 4-kb band in addition to a 7-kb wild-type band, and the neomycin resistance cassette was removed by subsequent expression of Flip recombinase. Positive ES clones were injected into blastocysts, and the resulting chimeras were screened for germline transmission. Progeny carrying the floxed allele (Lxra fl/fl albumin-CRE -, referred to as floxed) were crossed with albumin-Cre mice to generate a hepatocyte-specific knockout of LXRα (Lxra fl/fl albumin-CRE + , referred to as LivKO) ( Figure 1B) . Lxra mRNA levels were reduced more than 95% in livers from hepatocyte-specific knockout mice, while the expression of Lxrb did not change ( Figure 1C ). No change in Lxra or Lxrb mRNA was detected in any other tissue (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI59817DS1). LXRα protein was undetectable in liver nuclear extracts of LivKO mice ( Figure 1D ). Feeding LivKO mice a diet with 2% cholesterol for 30 days resulted in significant cholesterol accumulation in the liver and an increased liver to body weight ratio (Supplemental Figure 2) , essentially recapitulating the phenotype seen with the global LXRα knockout under the same conditions (22) .
Regulation of lipid metabolism by hepatic LXRα. Treatment with LXR agonists has been shown to increase triglyceride levels, promote cholesterol excretion, and elevate plasma HDL cholesterol (2) . To determine the contribution of hepatic LXRα to the biological response to LXR agonists, we fed LivKO and floxed control mice a normal chow diet in the absence or presence of the LXR agonist T0901317. Although T0901317 has been shown to bind to other nuclear receptors as well as LXR (30) (31) (32) (33) , we chose to use this agonist because it is potent and accumulates to high concentrations in mouse liver, thus allowing maximum activation of hepatic LXR activity. Importantly, the effects of T0901317 on lipid metabolism and atherosclerosis have previously been shown in several studies to be LXR dependent (15, 17, 19, 20) . After 2 days of agonist treatment, an increase in plasma triglycerides was observed in control mice that was significantly attenuated in the absence of hepatic LXRα (Figure 2A ). The agonist-dependent increase in plasma triglycerides was largely resolved by day 8 (Supplemental Figure  3) -an observation consistent with published data (34) -most likely resulting from the increase in lipoprotein lipase in the liver (35) . Nevertheless, hepatic triglycerides remained elevated at day 8 in control agonist-treated mice but were significantly reduced in LivKO mice ( Figure 2B ). Analysis of hepatic gene expression at day 8 indicated that the agonist-dependent increase in Srebp1c, as well as fatty acid synthase (Fas) and stearoyl CoA desaturase 1 (Scd1), was reduced in LivKO mice ( Figure 2C ). Interestingly there was a slight but significant increase in Srebp1c in agonist-treated LivKO mice. This residual activity could be due to hepatic LXRβ activity and/or LXR activity in cells other than hepatocytes, such as Kupffer cells. Previous studies with global knockouts demonstrated that LXRα is a major regulator of hepatic SREBP-1c expression and triglyceride levels (15, 24) . Taken together, the lipid measurements and gene expression analysis of LivKO mice support this conclusion and further indicate that hepatic LXRα activity is responsible for most of the lipogenic activity of LXR agonists.
Regulation of Abcg5 and Abcg8 in the liver and intestine has been proposed to account for the ability of LXR agonists to stimulate the biliary secretion of cholesterol and decrease intestinal absorption, resulting in increased neutral sterols in the feces (12, 36, 37) . Recent studies, however, have described a biliary-independent trans-intestinal pathway for cholesterol excretion that can be stimulated by LXR activity (38) (39) (40) . As shown in Figure 3 , A-C, the ability of T0901317 to increase biliary cholesterol was abolished, and fecal sterols were decreased 85% in LivKO mice. The loss of agonist activity observed in LivKO mice coincided with a failure to increase Abcg5 and Abcg8 in the liver ( Figure 3D ). Induction of Abcg5 and Abcg8 in the intestine, however, was not affected ( Figure 3E ). Therefore, under the experimental conditions used in this study, hepatic LXRα activity was required for the majority of the LXR agonist-dependent increase in cholesterol excretion. These results also support the notion that hepatic, and not intestinal, ABCG5/G8 is required for LXR-dependent effects on cholesterol excretion.
The regulation of bile acid synthesis by LXR has also been suggested to contribute to the ability of LXR agonists to dispose of cholesterol (22, 41) . As expected, the ability of T0901317 to increase expression of Cyp7a1, which encodes the rate-limiting enzyme in the conversion of cholesterol to bile acids (cholesterol 7α-hydroxylase), was absent in LivKO mice ( Figure 4A ). Nevertheless, no effect of T0901317 treatment on fecal or biliary bile acids or on the bile acid pool size was detected in floxed or LivKO mice ( Figure 4 , C and D, and Supplemental Figure 4 ). These results support previous studies showing that LXR synthetic agonists have no effect on fecal bile salt excretion despite the increase in Cyp7a1 expression, which has been suggested to be due to the fast reabsorption and recycling of bile acids (36) (37) (38) . Along with regulation of Cyp7a1, treatment of control animals with T0901317 resulted in decreased expression of Cyp8b1, the gene encoding sterol 12α-hydroxylase, and this effect of agonist was lost in LivKO mice ( Figure 4B ). Sterol 12α-hydroxylase sits at a branch point in the bile acid synthetic pathway, and its enzymatic activity is required for the synthesis of cholic acid (CA). The parallel arm in the pathway leads to synthesis of muricholic acid (MCA) in mice and chenodeoxycholic acid (CDCA) in humans (42) . Consistent with the gene expression data, treatment with T0901317 decreased the ratio of CA to MCA in control mice but not in LivKO animals ( Figure 4E ). Importantly, individual bile acids differ in their ability to promote intestinal cholesterol absorption, and MCA, among all bile acids tested, promotes the lowest amount of cholesterol absorption, while CA promotes the greatest amount (43, 44) . Thus, the agonist-dependent change in bile acid composition should contribute to the ability of LXR ligands to reduce intestinal cholesterol absorption. Consistent with this hypothesis, the ability of T0901317 to decrease fractional cholesterol absorption
Figure 2
Hepatic LXRα is required for agonist-dependent increases in triglycerides. Floxed and LivKO female mice 4-6 months of age (n = 5-6) were fed a chow diet containing vehicle or T0901317 (40 mpk) for 8 days. (A) Plasma and (B) hepatic triglycerides at days 2 and 8, respectively, were determined. (C) Liver gene expression was measured using RT-qPCR. Data are mean ± SEM. *P ≤ 0.05 between vehicle-and T0901317-treated animals of the same genotype; † P ≤ 0.05 between floxed and LivKO mice with the same treatment.
was also significantly attenuated in LivKO mice ( Figure 4F ). The failure to increase biliary cholesterol excretion ( Figure 3B ) -which can dilute the radiolabeled cholesterol used to quantitate absorption by transporting large amounts of unlabeled cholesterol into the intestinal lumen -most likely also contributes to the agonistdependent reduction in fractional cholesterol absorption. Biliary phospholipid levels were reduced by T0901317, indicating that biliary cholesterol and phospholipid excretion can be uncoupled by LXR agonist activity (Supplemental Figure 4 , C and D).
Hepatic LXRα is not required for agonist-dependent HDL cholesterol regulation. The liver is considered the major site of HDL production (45, 46) , and treatment of chow-fed mice with LXR agonists is known to increase HDL cholesterol levels (19, 20) . After treatment with T0901317 for 8 days, a significant increase in plasma cholesterol was observed in both LivKO and control mice, although the levels in T0901317-treated LivKO mice were approximately 15% lower than in control animals ( Figure 5A ). Fractionation of lipoprotein particles by fast protein liquid chromatography (FPLC) indicated that the increase primarily resided in the HDL fraction ( Figure 5 , C and D). Thus, LXRα activity in the liver is not required in order for LXR agonists to increase HDL cholesterol levels in the plasma. The increase in fractions 24-30 detected with both groups of treated animals has been observed in several other studies and was shown to be due to the presence of large HDL particles (13, 34, 38) . Interestingly, this shoulder was smaller in T0901317-treated LivKO mice compared with controls (Figure 5, C and D), suggesting that hepatic LXRα can play a role in modulating HDL size. Consistent with these results, expression of several apolipoproteins was altered in LivKO mice (Supplemental Figure 5 ). ABCA1 is required for the biogenesis of HDL, and studies with ABCA1-knockout mice indicate that both the liver and intestine contribute to HDL production (45, 46) . Induction of Abca1 mRNA by T0901317 was almost completely abrogated in the livers of LivKO mice, while the intestinal Abca1 levels were not different from those in control mice ( Figure 5 , E and F). The strong LXR agonist-dependent induction of Abca1 in the intestine suggests that this organ serves as a major site for LXR-dependent HDL cholesterol increases, a conclusion supported by earlier studies using tissue-specific knockouts of Abca1 and intestinespecific overexpression of LXRα (47, 48) .
Hepatic cholesterol levels were increased in vehicle-treated LivKO mice ( Figure 5B ), even though we did not detect significant differences in biliary cholesterol or bile acid secretion ( Figure 3 and Supplemental Figure 4 ). The mRNA levels of HMG-CoA synthase, however, were paradoxically increased in these animals, raising the possibility that hepatic cholesterol synthesis is elevated in LivKO
Figure 3
Hepatic LXRα is required for agonist-dependent increases in biliary and fecal cholesterol excretion. Floxed and LivKO female mice 5-6 months of age were fed a chow diet containing vehicle or T0901317 (40 mpk) for 3 days. (A) Gallbladder bile was collected and used to determine biliary cholesterol levels (n = 5-6). (B) Mice were anesthetized, the common bile duct was cannulated, and bile flow was collected for 30 minutes. Biliary cholesterol and secretion rate were determined (n = 3-6). (C-E) Floxed and LivKO female mice 4-6 months of age (n = 5-6) were fed a chow diet containing vehicle or T0901317 (40 mpk) for 8 days. (C) Fecal neutral sterol secretion was determined by gas chromatography. Liver (D) and intestine (E) gene expression was assayed by quantitative real-time PCR. Data are mean ± SEM. *P ≤ 0.05 between vehicle-and T0901317-treated animals of the same genotype; † P ≤ 0.05 between floxed and LivKO mice with the same treatment.
mice on a chow diet (Supplemental Figure 5) . A similar increase in the expression of cholesterol biosynthetic genes has been observed in the livers of the complete LXRα knockout (22) , although the mechanism that accounts for the misregulation of HMG-CoA synthase in the absence of LXR remains to be determined. Treatment with T0901317 significantly reduced hepatic cholesterol in both floxed and LivKO mice, a result consistent with recent studies demonstrating that increased LXR activity in the intestine can reduce hepatic cholesterol (48) .
Deletion of hepatic LXRα increases atherosclerosis. LXR agonists decrease atherosclerosis in animal models of cardiovascular disease (15) (16) (17) (18) , and global deletion of LXRα increases atherosclerosis in either LDL receptor (Ldlr)-knockout or Apoe-knockout genetic backgrounds (15, 27) . Using a series of bone marrow transplantations, we previously demonstrated that cells derived from the hematopoietic system constitute an important site of LXR-dependent anti-atherogenic activity (15, 17) . These studies, however, also indicated important anti-atherogenic functions for LXRα in a site (or sites) that is not derived from bone marrow cells (15) . To determine the impact of liver LXRα activity on atherosclerosis, we introduced the liver-specific knockout into the Ldlr -/-background. The resulting double knockouts (Ldlr -/-Lxra fl/fl /albumin-CRE + ; i.e., Ldlr -/-/LivKO) and littermate controls (Ldlr -/-Lxra fl/fl /albumin-CRE -; i.e., Ldlr -/-/floxed) were placed on a high-fat/high-cholesterol Western diet (21% fat, 0.15% cholesterol) for 20 weeks in the absence or presence of T0901317. By 4 weeks on the diet, Ldlr -/-/LivKO animals had reduced plasma triglycerides and cholesterol compared with controls, and the effect of T0901317 on plasma lipid levels was lost in the Ldlr -/-/LivKO mice (Supplemental Figure 6 , A-D). Consistent with other studies in hyperlipidemic mouse models (15) (16) (17) (18) 27) , treatment with LXR agonist had little or no effect on HDL cholesterol levels in either Ldlr -/-/floxed or Ldlr -/-/LivKO animals (Supplemental Figure 6 , E and F). As expected, hepatic cholesterol was substantially increased in Ldlr -/-/LivKO animals at the conclusion of the experiment (Supplemental Figure 7) .
When atherosclerosis was quantitated by en face analysis of dissected aortas or by serial sections of the aortic root, a significant increase in lesion area was detected in Ldlr -/-/LivKO mice compared with controls ( Figure 6 and Supplemental Figure 8 ). Immunostaining with the macrophage-specific antibody MOMA-2 indicated increased macrophage content in Ldlr -/-/LivKO root sections. Collagen staining, a measure of plaque stability, was roughly similar (Supplemental Figure 9) . A similar increase in atherosclerosis was also observed in Ldlr -/-/LivKO mice after 10 weeks on a Western diet (Supplemental Figure 10) . Thus, LXRα activity in the liver plays an essential role in limiting cardiovascular disease in the background of the Ldlr-null animal. Importantly, T0901317 was still able to significantly reduce atherosclerosis in Ldlr -/-/LivKO mice ( Figure 6 and Supplemental Figures 8 and 10 ), indicating that liver LXRα activity is not required for the pharmacological anti-atherogenic activity of LXR agonists. The magnitude of the agonist-dependent decrease in Ldlr -/-/LivKO mice was similar to that observed in Ldlr -/-/floxed controls (30%-40%), suggesting that the full therapeutic effect of LXR agonists can be manifested in the absence of liver LXRα.
Lipoprotein particle number, size, and function in LivKO mice. We noted that Ldlr -/-/LivKO mice had relatively high plasma cholesterol levels, while their plasma triglyceride levels were approximately 5 times lower than those in Ldlr -/-/floxed controls (Supplemental Figure 6 , A-D). This large difference in plasma triglycerides suggested the possibility that the number and/or size of the lipoprotein particles produced in Ldlr -/-/LivKO mice may be altered in a way that influences atherogenesis. To address this possibility, we used NMR spectroscopy to examine lipoprotein particle number and size (49) . The high triglyceride levels in T0901317-treated Ldlr -/-/floxed mice precluded analysis of the effect of agonist treatment on particle number and size by NMR, so we restricted this analysis to vehicle-treated animals that had been on a Western diet for 10 weeks. As expected, the number of VLDL particles was decreased in Ldlr -/-/LivKO mice (Table 1) , consistent with an important role for hepatic LXRα in triglyceride synthesis. In contrast, while Ldlr -/-/floxed and Ldlr -/-/LivKO animals had similar numbers of LDL particles, there was a dramatic change in particle size, with almost 50% of the Ldlr -/-/LivKO particles having diameters less than 21 nm (Table 1 , small LDL). We note that the high percentage of relatively large LDL particles (diameter, ≥23 nm) measured in Ldlr -/-/floxed mice is consistent with previous studies in hyperlipidemic mice (50) . Although there is a clear difference in size between LDL particles of the two strains, we did not detect a difference in cholesterol accumulation when bone marrow-derived macrophages were cultured in vitro in the presence of plasma or FPLC-purified apoB-containing lipoproteins from Ldlr -/-/floxed or Ldlr -/-/LivKO animals (data not shown).
Both FPLC (Supplemental Figure 6 ) and NMR (Table 1) indicate that there is no difference in HDL cholesterol levels between the Ldlr -/-/floxed and Ldlr -/-/LivKO animals. The Ldlr -/-/LivKO mice, however, did have a 30% decrease in total HDL particle number that was largely the result of a decrease in small HDL (particles with diameters smaller than 8.2 nm; Table 1 ). To examine if the change in particle number and size influences HDL function, we performed in vitro cholesterol efflux assays using 3 H-cholesterolloaded RAW264.7 cells. Cholesterol efflux was significantly reduced when Ldlr -/-/LivKO plasma ( Figure 7A ) or FPLC-purified HDL (Figure 7B) was used as the source of cholesterol acceptors. The analysis of lipoprotein number, size, and function identifies hepatic LXRα as an important regulator of lipoprotein metabolism and suggests that alterations in LDL and/or HDL function may contribute to the increased atherosclerosis observed in Ldlr -/-/LivKO mice.
RCT is impaired in LivKO mice. The ability to excrete cholesterol from the liver into the bile is a critical step in the RCT pathway. Our studies in normal lipidemic mice indicate that the ability of LXR agonists to stimulate cholesterol excretion is lost in the absence of hepatic LXRα activity ( Figure 3) ; nevertheless, T0901317 still retains anti-atherogenic activity ( Figure 6 and Supplemental Figure 10) . To examine RCT under hyperlipidemic conditions, we injected mouse J774 cells loaded with 3 H-cholesterol and acetylated LDL in vitro into the peritoneal cavity of Ldlr -/-/floxed and Ldlr -/-/LivKO mice that been on a Western diet for 9 weeks in the absence or presence of T0901317. The amount of 3 H in the plasma, liver, and feces was determined 48 hours later (Figure 8 and Supplemental Figure 11 ). The ability of T0901317 to increase the fecal excretion of macrophage-derived sterols was largely impaired in Ldlr -/-/LivKO mice ( Figure 8A and Supplemental Figure 11 , A-C). Concurrently there was an increase in 3 H-sterol in the livers of Ldlr -/-/LivKO mice ( Figure 8B ), indicating that hepatic LXRα is needed for agonist-dependent fecal excretion of macrophagederived cholesterol. The ability of LXR agonists to increase the efflux of macrophage-derived 3 H-cholesterol into the plasma is thought to result from agonists acting on macrophage LXRs to enhance ABCA1-and ABCG1-dependent cholesterol efflux (51, 52) . Consistent with other studies (51-53), treatment of Ldlr -/-/ floxed mice with T0901317 produced a time-dependent increase in the level of 3 H-cholesterol in the plasma ( Figure 8C ). Interestingly, the level of 3 H-cholesterol in the plasma of Ldlr -/-/LivKO mice was decreased relative to that of vehicle-treated Ldlr -/-/floxed controls, and treatment with T0901317 had no effect ( Figure 8C ). For all 4 groups, FPLC analysis indicated that the distribution of 3 H tracer in the plasma exactly coincided with the distribution of bulk, unlabeled cholesterol (data not shown). To determine whether the decrease in plasma 3 H-cholesterol levels observed in
Figure 5
LXR agonists increase HDL cholesterol in the absence of hepatic LXRα. Floxed and LivKO female mice 4-6 months of age (n = 5-6) were fed a chow diet containing vehicle or T0901317 (40 mpk) for 8 days. (A) Plasma total cholesterol and (B) hepatic cholesterol were determined as described in Methods. Plasma from floxed (C) and LivKO (D) mice treated with or without T0901317 was pooled and subjected to FPLC for lipoprotein analysis. Cholesterol content of each fraction was assayed enzymatically. Gene expression from liver (E) and small intestine (F) harvested at completion of the experiment was assayed by quantitative real-time PCR. Data are mean ± SEM. *P ≤ 0.05 between vehicle-and T0901317-treated animals of the same genotype; † P ≤ 0.05 between floxed and LivKO mice with the same treatment.
Ldlr -/-/LivKO animals resulted from impaired LXR transcriptional activity in macrophages, we recovered the J774 cells from the peritoneal cavity 48 hours after injection and quantitated Abca1 mRNA levels in RNA isolated from these cells. As shown in Figure 8D , agonist treatment produced a similar increase in Abca1 mRNA in cells recovered from Ldlr -/-/floxed and Ldlr -/-/LivKO animals. Additionally, a similar increase in Abca1 mRNA was observed in RNA isolated from whole blood taken from animals on a Western diet in the absence or presence of T0901317 for 10 weeks (Supplemental Figure 11D) . The gene expression analysis suggests that the failure of LXR agonist to increase the efflux of macrophage-derived cholesterol into the plasma of Ldlr -/-/LivKO mice does not arise from a defect in macrophage LXR activity.
Discussion
LXRs function throughout the body to control cholesterol transport, catabolism, and excretion (11) . This report describes what we believe to be the first conditional LXR-knockout mouse model constructed by selective elimination of the LXRα subtype in hepatocytes (LivKO mice). When challenged with a 2% cholesterol diet, LivKO mice accumulated increased amounts of cholesterol in liver resulting from failure to induce hepatic cholesterol excretion and catabolism, highlighting the importance of liver LXRα activity to whole body cholesterol homeostasis. Similarly, the ability of synthetic LXR agonists to stimulate biliary cholesterol excretion, inhibit fractional cholesterol absorption, and increase the output of neutral sterols in the feces was largely compromised in LivKO mice. Several recent studies have described a trans-intestinal pathway for cholesterol excretion that bypasses biliary excretion but nevertheless can be stimulated by LXR activation (38) (39) (40) . Our studies suggest that such a biliaryindependent pathway makes only a minor contribution to LXR agonist-dependent cholesterol excretion.
Early studies with synthetic LXR agonists described increases in plasma triglycerides and plasma HDL cholesterol as two pharmacological responses to LXR activation (19, 20) . Analysis of LivKO mice indicates that these responses originate from unique sites. The LXR agonist-dependent increases in triglycerides were of hepatic origin and resulted from regulation of the genes encoding SREBP-1c and other enzymes involved in fatty acid and triglyceride synthesis. In contrast, hepatic deletion of LXRα had little effect on the ability of LXR agonists to elevate HDL cholesterol. Both the liver and intestine have been shown to contribute to the production of HDL (45) (46) (47) 54) , and while the LXR agonist-dependent induction of Abca1, encoding a protein required for HDL biogenesis, was impaired in liver, induction of Abca1 in the intestine was unchanged. The tissue-specific expression of Abca1 observed in LivKO mice suggests that LXR activation in the intestine is sufficient to regulate HDL cholesterol levels. Consistent with our conclusion that intestinal LXR activity is primarily responsible for elevating HDL cholesterol, previous studies indicate that expression of ABCA1 in the intestine is required for LXR agonist-dependent cholesterol increases (47) and that transgenic overexpression of a constitutively active LXRα (VP16-LXRα) in the intestine increases HDL (48) . HDL cholesterol levels inversely correlate with cardiovascular disease risk, and the ability of LXR agonists to increase HDL cholesterol initially stimulated great interest in the therapeutic potential of such com-
Figure 6
Atherosclerosis in Ldlr -/-/LivKO mice. Mice were fed a Western diet with or without 0.01% T0901317 for 20 weeks, and atherosclerosis was quantitated. (A) En face analysis of the aorta was carried out as described in Methods. Ldlr -/-/floxed (vehicle: n = 11, 6 male, 5 female; T0901317: n = 9, 5 male, 4 female). Ldlr -/-/LivKO (vehicle: n = 16, 8 male, 8 female; T0901317: n = 15, 8 male, 7 female). (B) Lesion area was measured in serial sections of the aortic root (n = 7/group; 4 male, 3 female). Each data point represents an individual animal. The horizontal lines denote the mean of each group. There were no significant differences between sexes within any of the groups. pounds (11) . The concurrent increase in lipogenesis, however, has dampened the enthusiasm for LXR agonists and slowed the progression of therapeutic molecules into the clinic. Analysis of LivKO mice demonstrates that the lipogenic and HDL pathways are tissue specific and suggests that LXR ligands that specifically target the intestine, for instance by limiting systemic absorption or by rapid first-pass clearance, could have therapeutic value. In mouse models of cardiovascular disease, treatment with LXR agonists decreases atherosclerosis. However, in these hyperlipidemic models LXR agonists have little or no effect on HDL cholesterol levels, and this has led to the conclusion that the anti-atherogenic activity originates from increased macrophage cholesterol efflux and/or limiting inflammation in immune cells in atherosclerotic plaque (15) (16) (17) (18) . Indeed, selective deletion of LXRα in hematopoietic cells increased atherosclerosis in the Ldlr -/-background, although the increase was not as great as that measured in Ldlr -/-Lxra -/-global knockout mice (15, 17, 55) . We now demonstrate that atherosclerosis was substantially increased when LXRα was selectively eliminated in hepatocytes, identifying the liver as a critical site of LXRα-dependent anti-atherogenic activity. Our studies suggest that hepatic LXRα modulates lipoprotein particle number, size, and function in a manner that influences atherogenicity. In particular, the ability of HDL to accept cholesterol from macrophages was impaired in Ldlr -/-/LivKO mice. In addition we note that the decrease in cholesterol acceptor ability observed with HDL in Ldlr -/-/LivKO mice correlates with the loss of the large HDL fraction observed in normal lipidemic LivKO mice. These observations suggest that pharmacological strategies utilizing small molecules that inhibit hepatic LXRα activity to reduce lipogenesis may actually increase cardiovascular disease and should be explored with caution. Future studies that examine the effect of hepatic LXR activity on lipoprotein function in the presence of the cholesteryl ester transfer protein (CETP), a lipoprotein particle-remodeling enzyme expressed in humans but not mice (56), will be useful in this regard.
Despite the increased atherosclerosis observed in Ldlr -/-/ LivKO mice, treatment with T0901317 was still an effective preventive therapy, indicating that extrahepatic LXR activity can also be anti-atherogenic. Our in vivo RCT analysis further suggests that the ability of LXR agonists to stimulate the RCT pathway is substantially compromised in the absence of hepatic LXRα and is thus not necessary for the athero-preventive activity of LXR agonists. The efficacy of agonist treatment in LivKO mice therefore raises questions regarding the potential mechanisms and sites of action for the pharmacological activity of LXR agonists. In contrast to our findings in liver, using bone marrow transplantations we previously showed that LXR activity in hematopoietic cells is necessary for the anti-atherogenic activity of T0901317 (17) . A number of additional functions for LXRs in immune cells including the control of inflammation (2), endoplasmic reticulum stress (57), macrophage egress (58), and monocyte proliferation (59, 60) could underlie the anti-atherogenic activity of LXR ligands. Finally, recent studies indicate that intestine-specific activation of LXRs using pharmacological or transgenic approaches can increase RCT and may beneficially impact the treatment of atherosclerosis (48, 61) . The failure of LXR agonist treatment to increase the appearance of macrophage-derived cholesterol in the plasma of Ldlr -/-/LivKO mice during the in vivo RCT assay further raises the possibility that impaired LXR activity in the liver can negatively affect macrophage cholesterol efflux in the periphery. The appearance of macrophage-derived 3 H-cholesterol in the plasma during the in vivo RCT assay, however, may not simply reflect the rate of the macrophage cholesterol efflux. The reentry of 3 H-cholesterol into the plasma compartment after uptake by the liver and/or intestine may also contribute to this measurement. Therefore, we cannot rule out the possibility that LXR agonists do in fact promote macrophage cholesterol efflux in Ldlr -/-/LivKO mice and that this activity is anti-atherogenic even when hepatic cholesterol excretion to the bile is inhibited. In summary, our characterization of LivKO mice demonstrates that while endogenous hepatic LXRα activity is essential for maintaining normal lipid and sterol homeostasis, pharmacologic strategies that bypass LXR activation in liver may still be of therapeutic benefit.
Methods
Reagents. LXR agonist T0901317 was purchased from Cayman Chemical.
Generation of floxed LXRα mice. High-fidelity PCR amplification of 129SvEv genomic DNA was used to generate an approximately 3.5-kblong arm including exons 1, 2, and 3; an approximately 0.8-kb targeting arm including exons 4 and 5; and an approximately 1.5-kb short arm including exons 6 and 7. These fragments were assembled in the pMC1neo PolyA vector (Stratagene) containing a neomycin resistance cassette and loxP and FRT sites. KpnI-linearized DNA was electroporated into 129SvEv-
Figure 7
Cholesterol efflux in RAW264.7 cells. 3 H-Cholesterol-loaded RAW264.7 cells were cultured with (A) 0.03% plasma or (B) FPLC-purified HDL isolated from mice fed a Western diet with or without 0.01% T0901317 for 9 weeks, and cholesterol efflux was determined as described in Methods. Efflux to plasma or HDL isolated from Ldlr -/-/floxed mice fed a Western diet without T0901317 was set as 100%. Data are the average of 2 independent experiments and expressed as mean ± SEM. Data from the experiments with FPLC-purified HDL were normalized to the amount of apoAI added. *P ≤ 0.05 between vehicle-and T0901317-treated animals of the same genotype; † P ≤ 0.05 between floxed and LivKO mice.
derived ES cells. ES cells were screened for targeted recombination by PCR and Southern blot analysis using a 5ʹ probe and genomic DNA digested with HindIII. One positive ES cell clone was electroporated with plasmid expressing Flipase (a gift from Susan Dymecki, Department of Genetics, Harvard Medical School, Boston, Massachusetts, USA) to remove the neo cassette, and the resultant recombination was screened by PCR. Two independently derived ES cell clones were injected into C57BL/6J blastocysts to produce chimeric mice that transmitted the modified Lxra locus. The genotype of the progenies of the mice carrying the floxed allele was analyzed by PCR using a forward primer (LXRα E5), 5ʹ-GTGTAACAG-GCGCTCCTTCT-3ʹ; and reverse primer (LXRα E6), 5ʹ-GGGCAAAGC-GCTGTTGTCG-3ʹ. The amplification was carried out in a thermocycler using the following conditions: 94°C 30 seconds, 58°C 45 seconds, 72°C 1 minute for 35 cycles. The wild-type allele amplified a 200-bp fragment; the floxed allele amplified a 300-bp fragment.
Animal experiments. Floxed LXRα mice were bred with C57BL/6J albumin-Cre transgenic mice (The Jackson Laboratory) to generate liver-specific knockout animals (LivKO). Albumin-Cre -floxed littermates were used as their control. All animals were housed in a temperature-controlled environment with 12-hour light/12-hour dark cycles. Age-matched mice had free access to water and were fed standard rodent chow (TD 7001, Harlan Teklad), a high-cholesterol diet (TD 86295, Harlan Teklad) (22) , or standard rodent chow in powder mixed with LXR agonist T0901317 (40 mg per kg of body weight) or vehicle (1% Tween-80 in 10% methylcellulose). At the end of the experiment, mice were anesthetized and exsanguinated. Blood was collected in EDTA-coated tubes, and tissues were harvested for analyses.
Ldlr -/-Lxra fl/fl /albumin-CRE -(Ldlr -/-/floxed) and Ldlr -/-Lxra fl/fl /albumin-CRE + (Ldlr -/-/LivKO) mice were created by mating Lxra fl/fl /albumin-CRE + mice with Ldlr -/-mice (male B6.129S7-Ldlr tm1Her /J) purchased from The Jackson Laboratory. Mice were fed standard chow ad libitum until the beginning of the study. To examine atherosclerosis in Ldlr -/-/floxed and Ldlr -/-/LivKO mice, we placed 8-to 9-week-old animals on a Western diet (21% fat wt/wt, 0.15% cholesterol wt/wt; Test Diet 57BD) with or without 0.01% T0901317 added to the diet for 10 or 20 weeks.
Plasma analyses.
Blood was collected into EDTA-coated tubes (Starstedt). Plasma was separated by centrifugation and assayed for total cholesterol (Thermo Scientific) and triglycerides (Thermo Scientific). Plasma lipoprotein levels were analyzed by FPLC using Superose HR6 columns, followed by enzymatic assays for total cholesterol and triglycerides. Elevated plasma triglyceride levels in samples from Ldlr -/-Lxra fl/fl /albumin-CRE -mice treated with T0901317 resulted in a substantial amount of non-HDL cholesterol aggregating when samples were centrifuged to pellet particulate matter prior to loading the FPLC column. Therefore, the non-HDL cholesterol levels measured by FPLC for Ldlr -/-Lxra fl/fl /albumin-CRE -animals treated with T0901317 most likely represent an underestimate.
Liver cholesterol and triglycerides. Liver lipids were extracted in Folch solution (chloroform/methanol, 2:1, v/v) (62) . Liver samples (0.1 g) were homogenized in 4 ml Folch. Extracts were then washed once with 1 ml of 50 mM NaCl and twice with 1 ml of 0.36 M CaCl2/methanol. The organic phase was separated and brought up to 5 ml with chloroform. Fifty microliters of each sample and 10 μl of standards were mixed with 10 μl of 50% Triton X-114 in chloroform (v/v). Samples were air dried and then subjected to colorimetric enzymatic assays for total cholesterol (Thermo Scientific) or triglycerides (Thermo Scientific).
Fractional cholesterol absorption. Intestinal cholesterol absorption was determined by a fecal dual-isotope ratio method (63) . Individually housed mice were on a chow diet mixed with either vehicle or T0901317 for 8 days. On the fifth day, mice were dosed intragastrically with a mixture of 2 μCi [5,6-3 H]sitostanol and 1 μCi [4-14 C]cholesterol in 100 μl medium-chain triglyceride oil. Mice were returned to fresh cages, and feces were collected for 3 days. One gram of dried and ground feces from each animal was extracted with chloroform/methanol (2:1, v/v), and the content of 14 C and 3 H in each sample was determined. The percentage of cholesterol absorption was determined as described previously (63) .
Fecal bile acids and neutral sterols. Mice were individually housed and fed a chow diet containing either vehicle or T0901317 (40 milligrams per kilogram [mpk]) for 8 days. Feces were collected over the last 4 days and were dried, weighed, and ground to a powder. An aliquot of 0.5 g of the feces
Figure 8
In vivo RCT. 3 H-cholesterol and acetylated LDL-loaded J774 macrophages were injected into mice fed a Western diet with or without 0.01% T0901317 for 10 weeks (n = 6/ group), and the amount of 3 H tracer in feces (A), liver (B), and plasma (C) was determined as described in Methods. (D) Total RNA was isolated from recovered J774 macrophages, and the mRNA levels of Abca1 were measured by quantitative real-time PCR. Data are mean ± SEM. *P ≤ 0.05 between vehicleand T0901317-treated animals of the same genotype; † P ≤ 0.05 between floxed and LivKO mice with the same treatment.
was used to determine the total bile acid content using a 3α-hydroxysteroid dehydrogenase assay (64) . A second aliquot of 0.5 g of the feces was extracted, and the neutral sterol content (cholesterol, coprostanol, and 5α-cholestan-3-ol) was quantitated by gas chromatography (65). 5-Cholestene was added as an internal control.
Bile acid pool size and composition. Mice were fed chow diet containing either vehicle or T0901317 (40 mpk) for 8 days and then fasted for 4 hours before sacrifice. Gallbladder, liver, and intestine were removed and placed into 50 ml EtOH. The solution was spiked with 50 μg CDCA-D4 (C/D/N Isotopes), and tissues were extracted as described previously (66) . Bile acids were quantified by liquid chromatography/mass spectrometry (Agilent Technologies). Quantification was performed based on peak areas using external calibration curves of standards prepared in methanol. CDCA-D4 was used to calculate the recovery of bile acids after extraction relative to a blank control.
Bile flow and biliary lipid composition. Mice were fed a chow diet containing either vehicle or T0901317 (40 mpk) for 3 days and then anesthetized by intraperitoneal injection of tribromoethanol (Avertin, 250 mg/kg) after a 4-hour fast. Gallbladders were removed, and the common bile duct was cannulated with a polyethylene-10 catheter. Hepatic bile was collected for 30 minutes. Bile flow was determined gravimetrically assuming a density of 1 g/ml for bile. Concentrations of cholesterol (Thermo Scientific), bile salts (Diagnostic Chemicals), and phospholipids (Waco) from gallbladder and hepatic bile were determined enzymatically.
Western blotting. Liver nuclear proteins were extracted as described previously (19) . Nuclear proteins (100 μg) were resolved on a 10% SDS-polyacrylamide gel and electrotransferred to a PVDF membrane (Amersham). The membrane was then hybridized with mouse anti-human LXRα antibody (PPMX) at a 1:1500 dilution, followed by secondary antibody incubation at a 1:5,000 dilution. LXRα protein was detected by chemiluminescence (ECL kit, Amersham).
Quantitative real-time PCR analysis. Total RNA was extracted from liver and small intestine using RNA STAT-60 (Tel-Test Inc.). RNA was treated with DNase I and then reverse transcribed into cDNA with random hexamers using the SuperScript II First-Strand Synthesis System (Invitrogen). Primers for each gene were designed using Primer Express Software (Applied Biosystems) and were validated as previously described (67) . Quantitative real-time PCR (RT-qPCR) reactions contained 25 ng of cDNA, 150 nM of each primer, and 5 μl of SYBR GreenER PCR Master Mix (Invitrogen) and were carried out in triplicate using an Applied Biosystems Prism 7900HT instrument. Relative mRNA levels were calculated using the comparative Ct method and normalized to cyclophilin.
Quantitation of atherosclerosis. Atherosclerosis, macrophage levels, and collagen staining in root sections and en face preparations were quantitated as previously described (17, 55, 68) .
NMR lipoprotein measurements. Ldlr -/-/floxed and Ldlr -/-/LivKO mice were fed a Western diet with or without 0.01% T0901317 (n = 6/group). After 10 weeks, mice were euthanized, and blood was collected into EDTA-coated tubes and centrifuged at 900 g for 15 minutes at 4°C to prepare plasma. Lipoprotein particle concentrations and sizes in plasma samples were analyzed by NMR spectroscopy by LipoScience Inc. (49) .
Cholesterol efflux experiments. RAW264.7 cells were plated in 96-well plates (2 × 10 5 cells/well) and 24 hours later were labeled with 1 μCi/ml 3 H-cholesterol (PerkinElmer) in DMEM plus 1% FBS media for 18-24 hours. Radiolabeled cells were washed with prewarmed PBS and incubated for 6 hours with serum-free media containing 0.03% pooled plasma (n = 6 animals/group) or 25% FPLC-purified HDL as cholesterol acceptors. Following incubation with acceptors, media was collected and radioactivity was measured by liquid scintillation counting. Cells were washed with PBS and lysed in 100 μl of 0.2 N NaOH, and radioactivity in cell lysates was quantitated by liquid scintillation counting. Cholesterol efflux was expressed as percentage of cpm in the medium divided by the total counts (cpmmedia/[cpmmedia + cpmcell]). Acceptor-dependent efflux was determined by subtracting the efflux of vehicle cells cultured without acceptor. apoAI (10 μg/ml) or HDL (15 μg/ml) was included as positive control. Data are expressed as mean ± SEM of at least 8 wells/treatment. Experiments were repeated 3 times with similar results. For experiments with FPLC-purified HDL, data were normalized to the amount of apoAI added as determined by Western blotting.
Macrophage RCT experiments. In vivo RCT experiments were carried out as described by Naik et al. (51) in Ldlr -/-/floxed and Ldlr -/-/LivKO mice fed a Western diet with or without 0.01% T0901317 for 9 weeks. Briefly, J774 cells were loaded with 25 μg/ml acetylated LDL and 5 μCi/ml 3 Hcholesterol for 48 hours in vitro. Cholesterol-loaded cells were injected into the peritoneal cavity of mice (4.5 × 10 6 cells/mouse, 3 × 10 6 cpm, n = 6/group), which were housed individually for the duration of the experiment. Blood was collected at 6, 24, and 48 hours after injection, and the 3 H-choelsterol in triplicate plasma samples was determined by scintillation counting. Levels of 3 H tracer in the liver, total fecal 3 Hsterols, fecal 3 H-choelsterol, and fecal 3 H-bile acids were measured as described by Naik et al. (51) .
To measure gene expression in J774 cells recovered from the peritoneal cavity of mice, cells were collected 48 hours after injection, lysed with PureZOL (Bio-Rad), and extracted with chloroform, and total RNA was isolated from the aqueous layer using an RNeasy kit (QIAGEN). RNA was treated with DNase I and then reverse transcribed into cDNA with random hexamers using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). RT-qPCR reactions contained 20 ng of cDNA, 385 nM of each primer, and 8 μl of iQ SYBR Green Supermix (Bio-Rad) and were carried out in triplicate using a Bio-Rad MyiQ instrument. Relative mRNA levels were calculated using the comparative Ct method and normalized to cyclophilin. Primers for mouse ABCA1 were: forward, 5ʹ-GCTCTCAGGT-GGGATGCAG-3ʹ; reverse, 5ʹ-GGCTCGTCCAGAATGACAAC-3ʹ. Primers for mouse cyclophilin were: forward, 5ʹ-CGATGACGAGCCCTTGG-3ʹ; reverse, 5ʹ-TCTGCTGTCTTTGGAACTTTGTC-3ʹ.
Gene expression in whole blood. Fresh whole blood (approximately 350 μl) was collected in heparinized capillary tubes and transferred to Eppendorf tubes, and cells were lysed with 0.7 ml PureZOL (Bio-Rad). Following lysis, 150 μl chloroform was added, and total RNA was isolated from the aqueous layer using and RNeasy kit (QIAGEN). Abca1 mRNA levels were measured and normalized to cyclophilin as described above.
Statistics. Results were analyzed by 1-way ANOVA or 2-tailed Student's unpaired t test, using GraphPad Prism (GraphPad Software); P values of 0.05 or less were considered significant.
Study approval. All animal experiments were approved by the Institutional Animal Care and Research Advisory Committee of the University of Texas Southwestern Medical Center and the University of Virginia.
